BC, basic cations; Pdiss, dissolved phosphorus. Concentrations below the given thresholds were determined to be limiting to eutrophic diatoms based on regression tree models (Table S1 ) or *literature data (47) . N, number of observations. www.pnas.org͞cgi͞doi͞10.1073͞pnas.0807088105 PHYSIOLOGY. For the article ''TASK channel deletion in mice causes primary hyperaldosteronism,'' by Lucinda A. Davies, Changlong Hu, Nick A. Guagliardo, Neil Sen, Xiangdong Chen, Edmund M. Talley, Robert M. Carey, Douglas A. Bayliss, and Paula Q. Barrett, which appeared in issue 6, February 12, 2008, of Proc Natl Acad Sci USA (105:2203-2208; first published February 4, 2008; 10.1073͞pnas .0712000105), the authors note that on page 2204, right column, line 18, the statement ''a recent study reports sex differences in effects of TASK-1 subunit deletion on adrenal development and zonation; males appear normal, and females show marked developmental abnormalities (25) '' is misreferenced and should instead cite ref. The 33-amino-acid ankyrin motif comprises a ␤-turn followed by two anti-parallel ␣-helices and a loop and tandem arrays of the motif pack in a linear fashion to produce elongated structures characterized by short-range interactions. In this article we use site-directed mutagenesis to investigate the kinetic unfolding mechanism of D34, a 426-residue, 12-ankyrin repeat fragment of the protein ankyrinR. The data are consistent with a model in which the N-terminal half of the protein unfolds first by unraveling progressively from the start of the polypeptide chain to form an intermediate; in the next step, the C-terminal half of the protein unfolds via two pathways whose transition states have either the early or the late C-terminal ankyrin repeats folded. We conclude that the two halves of the protein unfold by different mechanisms because the N-terminal moiety folds and unfolds in the context of a folded C-terminal moiety, which therefore acts as a ''seed'' and confers a unique directionality on the process, whereas the C-terminal moiety folds and unfolds in the context of an unfolded N-terminal moiety and therefore behaves like a singledomain ankyrin repeat protein, having a high degree of symmetry and consequently more than one unfolding pathway accessible to it.
parallel pathways ͉ protein engineering ͉ protein folding ͉ D34 R epeat proteins are a distinct class of structures that comprise tandem arrays of 30-to 50-residue structural motifs, frequently having high sequence identity between them, which pack in a relatively linear manner to form elongated structures stabilized by local interactions between residues close in sequence (1-4). They differ in this respect from globular protein structures, which have complex topologies and are stabilized by sequence-distant interactions. Because of the simplicity of this modular architecture, repeat proteins have been used successfully as scaffolds for engineering binding specificities (5, 6) ; proteins containing consensus repeats have been produced with enhanced stabilities compared with their natural counterparts (7-13), and we have found that their folding pathways are also amenable to design (14) .
We have chosen a much larger repeat protein than has been previously investigated. D34 is a 12-ankyrin repeat fragment from the 24-ankyrin repeat domain of ankyrinR (Fig. 1) . AnkyrinR is a multidomain protein that links a diverse set of proteins to the membrane-associated spectrin-actin cytoskeleton. The ankyrin domain has been shown to mediate many of these protein-protein interactions including those with ion channels, calcium release channels, and cell adhesion molecules (15) . The folding and unfolding of large ankyrin repeat arrays is of particular interest because these proteins are thought to play a role in mechanical signal transduction by virtue of their putative elastic properties (16) (17) (18) .
We previously analyzed the equilibrium unfolding of D34 by circular dichroism (CD) and by fluorescence of the single tryptophan residue located in the middle of the protein in the loop between the sixth and seventh repeats (19) (Fig. 1) . We found that D34 populated a hyperfluorescent intermediate on urea-induced unfolding. In the intermediate the C-terminal half of the molecule was folded and the N-terminal half unfolded. Whereas the unfolding of the N-terminal repeats appeared to be cooperative, the unfolding of the C-terminal repeats was not. The protein responded to mutations in the N-terminal repeats in the same way as does a globular protein. The response to mutations in the C-terminal repeats, however, was unanticipated. The unfolding mechanism changed; the mutations caused the intermediate populated by the wild-type protein to be destabilized and different intermediates became predominant. The closer to the C terminus the mutation, the fewer C-terminal repeats were folded in the intermediate. We proposed a very rough energy landscape for the unfolding of D34, with many partly folded species of similar energy that contain different numbers of folded C-terminal repeats; thus, the intermediate species that dominates can easily be changed by relatively minor perturbations such as point mutations.
Here, the kinetics of unfolding and refolding of D34 is investigated by using 16 mutant variants. We find that the protein unfolds via an intermediate that has many properties in common with the equilibrium intermediate of the wild-type protein. The urea dependence of the transitions between native, intermediate, and unfolded states, and the effects of mutations on these profiles, are consistent with a model in which the N-terminal half of D34 unfolds with a broad energy barrier whereby repeats peel away from the end of the polypeptide chain toward the middle; subsequently, the C-terminal half unfolds via one of two parallel pathways, involving unraveling from one end of the structure or the other. The accessibility of alternative kinetic pathways may be a property of repeat proteins that distinguishes them from globular proteins, arising from the symmetry in their structures. Such behavior was predicted in molecular dynamics simulations of ankyrin repeat folding (20) and has now been observed for the proteins myotrophin (14) and gankyrin (R. D. Hutton, A. R. Lowe, and L.S.I., unpublished results) in addition to D34. However, two other ankyrin repeat proteins p16 (21) and Notch (22) appear to fold via unique pathways, which presumably reflects the distribution of stability across the repeats. Thus, when the repeats within a protein have similar stabilities, multiple pathways may then arise if the energy barriers to their folding are also of a similar energy. By contrast, when some repeats have significantly greater stabilities than others, there is a unique folding pathway that is robust (i.e., it is not altered on perturbation such as mutation or changes in solution conditions like denaturant concentration). Finally, we discuss possible reasons for the different unfolding behavior of D34 under equilibrium and kinetic conditions and for the different kinetic unfolding mechanisms of the N-and C-terminal halves of the protein.
Results and Discussion D34 Unfolds with Biphasic Kinetics. Unfolding of D34 was monitored by tryptophan fluorescence. The unfolding traces correlate with the equilibrium denaturation curve of D34 in that the fluorescence increases in a fast phase and then decreases in a slower phase, suggesting the formation and decay of a hyperfluorescent intermediate (supporting information (SI) Fig. S1 ). At urea concentrations outside the transition region the data can be fitted to the sum of two exponential phases ( Fig. 2A) . For both phases, the plot of the logarithm of the rate constant as a function of urea concentration shows downward curvature. Curvature can indicate a change in the position of the rate-limiting transition state along the reaction coordinate relative to the ground state of the transition. Downward curvature may be explained by a broad transition state barrier model assuming a smooth movement of the top of the transition state with increasing urea concentrations (23) in accordance with Hammond behavior. An alternative model views two sequential transition states separated by a high-energy intermediate (24) . At increasing urea concentrations the rate-limiting barrier switches from one transition state to the other. Interestingly, at intermediate urea concentrations there is a slight upward curvature in the limb of the slower unfolding phase. Upward curvature cannot be explained by these models and is thought instead to indicate a switch between parallel pathways (25) (26) (27) (28) .
Refolding Kinetics Indicate That There Are Multiple Intermediates. On refolding, a hyperfluorescent intermediate is populated but the traces are more complex than the unfolding traces and more than two exponential phases are required to fit the data (Fig. S1B ). In the transition region (refolding into 2.25-3 M urea) there is an increase in fluorescence that can be fitted to the sum of two exponential functions. At urea concentrations between 0.9 M and 2.25 M, in addition to increasing fluorescence, there is a decrease in fluorescence that can be fitted to either one exponential or to the sum of two exponentials. At urea concentrations Ͻ0.9 M, there is a monophasic increase in fluorescence followed by a biphasic decrease in fluorescence. The unfolding and the corresponding refolding phases should have opposite amplitudes, the magnitude of which is the same. However, it appears that the unfolding amplitudes are much bigger than refolding amplitudes ( Fig. 2C ), and analysis of the fluorescence start and end points indicates that a burst phase associated with a large increase in fluorescence occurs within the instrument dead time (Fig. 2B ). D34 contains 22 proline residues, and the slowest observed refolding phase (Ϸ0.1 s Ϫ1 ) could be limited by proline isomerization. It is of the same order of magnitude as proline isomerization phases observed for other proteins, including ankyrin repeats (29, 30) , and the reaction is speeded up 2-to 3-fold in the presence of the peptidyl-prolyl isomerase cyclophilin A (data not shown).
Protein Concentration Dependence of Refolding. The effect of varying protein concentration on the refolding kinetics can be used to determine whether the reaction is limited by aggregation or oligomerization. Aggregation has been reported to give rise to downward curvature (or rollover) in the refolding limb (31) . We found that changing the protein concentration affects the refolding of D34 when the reaction is performed in 0.41 M urea (Fig. S2 ). At protein concentrations Ͻ3 M the rate constants do not change, but at protein concentrations between 4 M and 6 M the reaction is slowed down significantly. Interestingly, it appears that the burst phase in refolding, as identified by the missing signal in the end-point analysis, is also affected by the protein concentration because at higher protein concentrations the recorded transient starts at much lower relative fluorescence intensity than at lower protein concentrations. Monitoring refolding by absorbance at 600 nm gives a trace that is similar to that observed by fluorescence but somewhat slower. Thus, at protein concentrations of 4 M and above, there appears to be some transient aggregation. The refolding reaction is not affected by protein concentration when it is performed at urea concentrations of 0.9 M and above (data not shown). The unfolding kinetics did not change over a 6-fold range of protein concentration (data not shown), and gel filtration data indicate that the protein is monomeric under these experimental conditions.
CD and Double-Jump Experiments Reveal Further Kinetic Phases.
To investigate whether the observed transitions involve concomitant changes in secondary and tertiary structure, the kinetics was next monitored by using far-UV CD as a probe of ␣-helical structure. We found that unfolding traces fit well to the sum of two exponential functions and the rate constants agree with those obtained by fluorescence (Fig. S3) . The two phases have significant and similar amplitudes, suggesting that, as in the equilibrium studies, the hyperfluorescent species is associated with (or coupled to) a significant change in ␣-helical structure and therefore involves the unfolding of repeats.
The refolding traces monitored by CD fit well to the sum of three exponentials and the inclusion of a fourth exponential did not improve the fit. However, the rate constants obtained do not agree with those determined from fluorescence experiments. Efforts to fit the CD data by using rate constants fixed at the values obtained from fluorescence experiments failed, suggesting that there are additional phases not detected by fluorescence. All three phases monitored by CD have significant amplitudes, suggesting that they correspond to refolding of significant populations and/or parts of the protein structure. Furthermore, unlike the fluorescence data, no major burst phase could be observed from the end-point analysis of the CD data (Fig. S3B) . In summary, the unfolding kinetics monitored by CD and fluorescence are in agreement and the amplitudes monitored by CD are consistent with unfolding occurring via an intermediate containing approximately half of the ankyrin repeats structured and the other half unstructured, similar to the equilibrium unfolding intermediate. The end-point analysis and the noncoincidence of the refolding rate constants observed by fluorescence and CD suggest that the refolding reaction has significantly greater complexity than the unfolding reaction.
Sequential mixing (double-jump) experiments were also performed to investigate further the kinetics of D34 (Fig. S4) . Interrupted unfolding experiments (in which the protein is first unfolded and then, after a variable delay time, it is refolded) indicate that there is a ''hidden'' refolding phase of similar rate but of opposite sign to one of the phases observed by fluorescence and it is therefore masked in the single-jump refolding experiment. Interrupted refolding experiments (in which the protein is first refolded and then, after a variable delay time, it is unfolded) reveal that folding occurs rapidly to a native-like state and the conversion of this state to the native state occurs slowly and is spectroscopically silent. At very long refolding delay times, the unfolding kinetics of the protein is in good agreement with that observed in the single-jump unfolding experiment. To map out the structural changes occurring in the kinetic phases described above, we examined the response of D34 to mutation at sites throughout its structure. Only the unfolding kinetics of the mutants is described because this reaction appears to be homogenous, whereas the refolding kinetics is highly complex and the phases cannot be assigned unambiguously (see Fig. S5 ). Previously we measured the equilibrium unfolding behavior of seven valine-to-alanine mutants, each located at position 18 of their respective ankyrin repeat (19) (Fig. 1) . V420A, in repeat 1, had negligible effect on the stability of the protein and is therefore not analyzed further here. The remaining six mutations were significantly destabilizing: V486A, V519A, V585A, V651A, V717A, V750A, located in repeats 3, 4, 6, 8, 10, and 11, respectively. A number of other variants were constructed (Fig. 1) , including mutations in repeats 2, 5, 7, 9, 11, and 12 (L456A, L540A, L606A, L687A, L753A, and V782G). L606A was prone to proteolysis, a problem we have observed for another mutant in this region of the protein (W600Y), and therefore could not be analyzed further. Also, mutants were constructed that were intended to stabilize the most C-terminal repeats, either by replacing residues with ankyrin consensus residues (a triple mutant G767Q/I780D/V785L) or by using the program FoldX (32) that predicts the change in stability on mutation (V750F, N761Y, T768P). However, the ankyrin repeats of D34 are already very consensus-like and none of the mutations was found to be significantly stabilizing and most were very destabilizing.
The two unfolding phases are affected by the mutations in a way that is reminiscent of the effects of the mutations on equilibrium unfolding (19) . Thus, the behavior of the mutants can be grouped according to whether they are located in the N-or C-terminal half of the protein. N-terminal mutants affect only the fast phase, which corresponds to the unfolding of the native state to the intermediate, suggesting that the N-terminal moiety is at least partly unfolded in the transition state for the reaction (Fig. 3) . Interestingly, the mutants L456A, V486A, and V519A, in the N-terminal half of the protein, not only change the rate of the reaction but also change the shape of the limb associated with this phase, resulting in less curvature. The slow unfolding phase, corresponding to the unfolding of the intermediate to the denatured state, is not affected by N-terminal mutations, which would be consistent with this moiety being already unfolded in the ground state of the reaction. Cterminal mutations affect the unfolding kinetics in a different way from N-terminal mutations (Fig. 3) . These mutations do not affect the fast unfolding phase. V750A speeds up the slow unfolding phase and changes the shape of the limb, V651A slows down this phase and L687A and V717A overlap with the wild type. Their behavior is consistent with the slow phase corresponding to the unfolding of an intermediate with structured C-terminal repeats and unstructured N-terminal repeats. The unfolding kinetics of the mutants obtained by monitoring ellipticity at 222 nm agrees with that obtained by fluorescence (data not shown). Interestingly, whereas at equilibrium the intermediate is destabilized by C-terminal mutations resulting in the population of different intermediates, the lack of change in the amplitudes of the unfolding phases of these mutants compared with the wild type suggests that the unfolding reaction proceeds through the same intermediate in wild-type and mutant proteins. This point is discussed further below. The equilibrium unfolding intermediate of wild-type D34 has a structured C-terminal half and an unstructured N-terminal half; the unfolding amplitudes monitored by CD and the effects of the mutations are consistent with a similarly structured kinetic unfolding intermediate.
Data for the Transition Between N and I Are Consistent with a
Sequential Barriers Model. It is possible to discern a pattern in the kinetics of wild type and mutants of D34. We emphasize, however, that the limited number of mutations allows us to propose only low-resolution pictures for the transition state structures of the two unfolding phases. The downward curvature in the limb for the faster unfolding phase, and the changes in the curvature as a result of mutations in the N-terminal moiety (Fig. 3) , can be interpreted in terms of a sequential barriers mechanism (24) for the unfolding of this part of the protein (Fig. 4) . According to this mechanism, there are two distinct transition states with a high-energy intermediate in between. At lower urea concentrations, the less-structured transition state (TS2) is rate-limiting; the more-structured transition state (TS1) becomes more destabilized with increasing urea concentration than does TS2, and therefore TS1 becomes rate-limiting. The data are consistent with a model in which TS2 has repeats 2-6 folded (as well as repeats 7-12 folded) and TS has only repeats 5 and 6 folded (as well as repeats 7-12 folded). Thus, mutations in repeats 2-4 (e.g., L456A, V486A and V519A) destabilize TS1 but not TS2 and therefore the switch from TS2 to TS1 as the rate-determining energy barrier occurs at a lower urea concentration compared with the wild type, and the unfolding arm of such a mutation looks more linear than that of the wild type. By contrast, mutations in repeats 5-6 (L540A, V585A) destabilize both TS1 and TS2, and therefore the unfolding arm displays similar curvature to that of the wild type. Because the unfolding arms of these two mutants are parallel to that of the wild type, ⌽-values can be calculated from the change in the rate constants, and the ⌽-value will be the same for TS1 and TS2. The ⌽-value is calculated from:
where ⌬⌬G I-N is the change on mutation in the free energy of unfolding between the native state and the intermediate, ⌬⌬G TS-N is the change in the free energy of the transition state relative to the native state on mutation, and k u and kЈ u are the rate constants of unfolding for wild type and mutant, respectively. ⌬⌬G I-N was calculated as the product of the weighted mean equilibrium m-value (between N and I) of wild-type and all N-terminal mutants and the change in the midpoint of unfolding (between N and I) on mutation. ⌽-values were compared at 3.5 M, 5.5 M, and 8.5 M urea by using the measured rate constants of unfolding at those concentrations and they were found to be similar to one another (Ϯ0.05), as expected because wild-type and mutant unfolding arms are parallel to each other. L540A results in a large ⌬⌬G I-N (5.7 kcal⅐mol Ϫ1 ) and exhibits a relatively small but significant increase in the rate constants for unfolding; the ⌽-value obtained is 0.83. ⌬⌬G I-N for V585A is smaller (2.8 kcal⅐mol Ϫ1 ) and there is also a smaller change in the rate constants for unfolding on mutation; the ⌽-value obtained is 0.89. These high ⌽-values indicate that the structures of TS1 and TS2 are nativelike in repeats 5 and 6. If repeats 2-4 were also fully folded in TS1 then we would expect the rate constants of unfolding for L456A, V486A, and V519A to overlay the wildtype values at high urea concentrations when TS1 is rate-limiting. Because they approach the wild-type values, but do not quite reach them, the interactions must be formed only in part in TS1. We emphasize that downward curvature can be interpreted using other models-namely movement along a broad transition state barrier or native state fraying (23) . The physical picture is the same in all three, however: unfolding by peeling away of structure from the N terminus to the middle of the protein.
Data for the Transition Between I and U Are Consistent with Alternative Pathways. The upward curvature in the limb for the slower unfolding phase points to a parallel pathways model for unfolding of the intermediate (Fig. 4) . The changes in the curvature as a result of mutations in the C-terminal moiety are consistent with a model in which repeats 8-12 are structured in the transition state for pathway a, and repeats 7-10 are structured in the transition state for pathway b. TSa is more compact than TSb and, therefore, pathway a is more populated at low urea concentrations, but TSa becomes more destabilized with increasing urea concentrations than does TSb; therefore, the flux shifts to pathway b at high urea concentrations. Mutations in repeats 9-10 (L687A, V717A) destabilize both TSa and TSb, and consequently the unfolding arm of such a mutant has a shape and rates similar to the wild type (Fig. 3) . Mutation of repeats 11 and 12 has a different effect: V750A and V782G (repeats 11 and 12) destabilize only TSa and consequently pathway a is never populated. Thus, the unfolding arm of such a mutant displays no upward curvature (see V750A in Fig. 3) . Several other mutations in repeats 11 or 12-V750F, L753A, T768P, G767Q/I780D/V785L-were found to be highly destabilizing (as judged by equilibrium measurement). For these mutants we see only one unfolding phase, of decreasing fluorescence, corresponding closely in rate to the faster (N-I) phase of the wild type (see L753A in Fig. 3 ). This result can be explained if the mutation is so destabilizing that the intermediate no longer accumulates in the unfolding reaction (the rate of decay of I is faster than its formation), and consequently, we can only observe the unfolding of N and not the subsequent unfolding of I. It appears that these mutants display a more extreme version of the V750A behavior: for V750A, the I-U arm is speeded up relative to that of wild type, it shows downward curvature in the urea dependence, and consequently it has almost the same profile as the N-I arm. For the more destabilizing L753A, if the I-U arm likewise has downward curvature but is faster still, then it will become kinetically silent. Finally, the variant ⌬D34 provides a nice illustration of the model. In ⌬D34 we deleted the long loop that proceeds the ankyrin repeats (Fig. 1) . The loop folds back and packs onto the C-terminal repeats as well as the late N-terminal repeats, and equilibrium measurement indeed shows that the truncation destabilizes both C-and N-terminal moieties (19) . The loop will only contribute to the stability of TSa and not TSb because the loop cannot fold back onto the repeats when the most C-terminal repeats are unfolded as they are in TSb. The kinetics of ⌬D34 is consistent with this effect (Fig. 3) : The N-I arm resembles that of the late N-terminal mutant L540A-the curvature is similar to that of wild type and the rates are faster than wild type; the shape of the I-U arm resembles those of the other C-terminal mutants V750A and V782G, but the rates are faster still. In contrast to L753A where the I-U transition is no longer detected because the rate of decay of I is faster than its formation, the I-U transition is observed for ⌬D34 because both N-I and I-U transitions are speeded up and so the rate of decay of I is still slower than its formation.
Interestingly, for V651A (repeat 8) the unfolding of the intermediate is slower than that for wild type. One possible explanation is that TSb is more destabilized than the native state by the mutation, a scenario that would arise if there were nonnative interactions or over-packing in the transition state.
Complex Refolding Kinetics of D34. By contrast with the unfolding kinetics, the refolding kinetics of D34 is much harder to dissect. At least three refolding phases can be discerned in the traces obtained by fluorescence, the slowest of which behaves in interrupted unfolding experiments in a manner consistent with rate-limiting proline isomerization. The urea dependences of the three refolding rate constants do not result in clearly distinguishable refolding limbs. Moreover, with the exception of the fast phase the rate constants obtained by CD are not in agreement with those obtained by fluorescence. The apparent discrepancy could arise if there are phases of opposite signs but similar rate constants, as we identified in the interrupted unfolding experiments. The end-point analysis indicates that there is also a burst-phase intermediate in refolding. Thus, there may be multiple intermediates populated in the refolding reaction that are not populated in the unfolding reaction because they are destabilized at high urea concentrations. Finally, the interrupted refolding experiments show that the native state is acquired on a slower time scale than that observed in the direct refolding experiments. Such behavior will arise if the denatured state ensemble has nonnative peptidyl proline bond(s) and can fold rapidly to a nativelike intermediate from which slow isomerization to the native state occurs, as has been observed for other proteins (33, 34) . Because there appears to be no measurable population of molecules that acquires the native state on a fast time scale, then either there are multiple proline residues that give rise to the effect or there is a cis peptidyl proline bond in the native state in solution (all are trans in the crystal form).
The protein concentration dependence of the refolding reaction suggests an oligomerization event that occurs under strongly native conditions (0.4 M urea) (31) . Oligomerization could take place by domain swapping, according to which one protein molecule exchanges a structural domain with an identical partner. It is possible that, on refolding, the repeats of one molecule could zip up in an intermolecular fashion from a partly folded intermediate state by domain swapping with another molecule; computational studies have suggested such behavior (20) . Moreover, the fact that at higher protein concentrations (Ͼ4 M) there is a phase that starts at a much lower fluorescence intensity than that observed at lower protein concentrations (where we detect a burst phase by end-point analysis) would suggest that any domain swapping takes place at a very early stage in the reaction, either in the denatured state or in the burst phase intermediate.
Equilibrium versus Kinetic Unfolding Mechanisms: A Comparison.
Because the unfolding kinetics is relatively simple, these data, rather than the refolding kinetics, are the main focus of our discussion. We observe an unfolding intermediate at equilibrium and in the kinetics, and the two have similar properties. One can rationalize the different behavior of D34 under equilibrium versus kinetic conditions and also the different kinetic mechanisms of the N-terminal moiety versus the Cterminal moiety, in the following way. Under equilibrium conditions, a C-terminal mutation destabilizes the wild-type intermediate and results in a different intermediate being predominant, one in which that site is unstructured. Thus, as the position of the mutation moves closer to the C terminus, the unfolding intermediate comprises a smaller number of folded C-terminal repeats. Under kinetic conditions, the unfolding reaction of wild-type D34 also proceeds from N to U via an intermediate (I) that resembles the equilibrium intermediate. Mutations in the C-terminal moiety destabilize I but do not result in the accumulation of different intermediates comprising fewer folded repeats. One possible explanation for this behavior is that the energy barriers that follow these later intermediates are low and because these intermediates lie after the ratedetermining step, they are therefore kinetically silent. Given sufficient destabilization, for example, with the mutation L753A, I also becomes kinetically silent and we can see only the unfolding of N and not the subsequent unfolding of I. The presence of alternative routes between I and U might also lead to differences in kinetic versus equilibrium behavior, for exam-ple, additional (albeit high energy) intermediates. It would be interesting to use simulations to probe those regions of the unfolding reaction, like unstable intermediates, that are inaccessible experimentally. Because the C-terminal moiety folds and unfolds in the context of an unfolded N-terminal moiety, it behaves like a single-domain ankyrin repeat protein, having a high degree of symmetry and consequently more than one unfolding pathway accessible to it. By contrast, there are no alternative pathways in the reaction between N and I because the N-terminal moiety folds and unfolds in the context of a folded C-terminal moiety, which therefore acts as a ''seed'' and confers a unique directionality on the process. The unzipping of the N-terminal moiety from repeat 1 to repeat 6 also makes sense of the sequential transition states that are observed in this unfolding reaction, having gradually fewer folded repeats.
Previous studies of ankyrin repeat proteins as well as the data presented in this work suggest that the energy landscape of repeat proteins is very rough with many intermediate and transition states (19, 35, 36) . These states are very close in energy and therefore mild perturbations, such as mutations of single amino acids, can alter the distribution of these states significantly. In an earlier study we described this effect on intermediate species that populate during equilibrium unfolding. Here, we focused on the kinetics of unfolding, that is, on the transition states that represent the highest energetic barriers in the unfolding energy landscape, the peaks rather than the troughs. Interestingly, we come to the same conclusion as before: Small perturbations by single-point mutations change the energy differences of the observed states to such an extent that other transitions become rate-limiting or the flux distribution of competing pathways is changed.
Methods
Protein Expression and Purification. D34 was expressed and purified and the equilibrium stability was measured as described in ref. 19 . All experiments were performed at 25°C in Tris⅐HCl buffer (pH 8), 150 mM NaCl, and 1 mM DTT or DTE.
Stopped-Flow.
Fluorescence experiments were performed by using an Applied Photophysics SX-18MV stopped-flow instrument. The temperature of the observation cell was maintained with a waterbath. Excitation was at 280 nm by using a 2-nm excitation slit width. Emission was monitored Ͼ305 nm by using a glass cut-off filter. For unfolding experiments, protein in buffer was rapidly mixed (in a ratio of 1:10) with buffer containing various concentrations of urea between 2.5 M and 9 M. For refolding experiments, protein was denatured in buffer containing 4.5 M urea and incubated for at least 1 h at 25°C before mixing (1:10) with buffer containing various concentrations of urea between 0 M and 2.5 M. The final protein concentration was 2 M. Approximately six traces were obtained at each denaturant concentration, and the averaged data were fitted to various exponential equations using Graphpad Prism 4.0.
Interrupted unfolding experiments were performed by mixing protein (36 M) in buffer at a 1:5 ratio, followed by 1:5 mixing with buffer or with 1. Kinetic circular dichroism experiments were performed on an Applied Photophysics pistar 180 stopped-flow instrument. Ellipticity was monitored at 222 nm. The experiments were performed at a protein concentration of 3 M.
